The intracellularly stored GLUT4 glucose transporter is rapidly translocated to the cell surface upon insulin stimulation. Regulation of GLUT4 distribution is key for the maintenance of whole body glucose homeostasis. We find that GLUT4 is excluded from the plasma membrane of adipocytes by a dynamic retention/retrieval mechanism. Our kinetic studies indicate that GLUT4-containing vesicles continually bud and fuse with endosomes in the absence of insulin, and that these GLUT4 vesicles are 5 times as likely to fuse with an endosome as with the plasma membrane. We hypothesize that this intracellular cycle of vesicle budding and fusion is an element of the active mechanism by which GLUT4 is retained. The GLUT4 trafficking pathway does not extensively overlap with that of furin, indicating that the trans Golgi network, a compartment in which furin accumulates, is not a significant storage reservoir of GLUT4. An intact microtubule cytoskeleton is required for insulin-stimulated recruitment to the cell surface, although it is not required for the basal budding/fusion cycle. Nocodazole disruption of the microtubule cytoskeleton reduces the insulin-stimulated exocytosis of GLUT4, accounting for the reduced insulin-stimulated translocation of GLUT4 to the cell surface.
Introduction
An acute effect of insulin is to stimulate glucose uptake into muscle and fat cells by inducing the redistribution of the GLUT4 glucose transporter from intracellular compartments to the plasma membrane, a process that is key for disposal of dietary glucose (for recent review see (Bryant et al., 2002) . In the absence of insulin GLUT4 is mostly excluded from the plasma membrane, and insulin reversibly stimulates the exocytosis of GLUT4-containing vesicles, thereby causing a net shift of GLUT4 to the cell surface.
The GLUT4 trafficking pathway is highly selective, and the only other protein known to traffic through the insulin-regulated pathway is IRAP, a transmembrane amino peptidase with an unknown biological function (Ross et al., 1997; Keller et al., 2002) . In 3T3-L1 adipocytes, insulin induces a large increase (5 to 20 fold) in GLUT4 and IRAP on the surface, whereas surface expression of other membrane proteins is increased by only a small amount. For example, in 3T3-L1 adipocytes insulin increases the plasma membrane expression of the transferrin receptor (TR), a protein that traffics by the general recycling pathway, by at most 2 fold (Zeigerer et al., 2002) . In the basal state GLUT4 and IRAP are considerably more concentrated inside cells than proteins of the general recycling pathway, with less than 5% of IRAP and GLUT4 on the surface compared to ~40% of the TR; however, in the presence of insulin ~50% of GLUT4 and IRAP on the surface. The mechanism by which insulin specifically stimulates exocytosis of GLUT4/IRAP-containing vesicles is unclear, although there is evidence that both the movement of these vesicles to, and fusion with, the plasma membrane are sites of regulation (Elmendorf et al., 1999; Inoue et al., 2003; Semiz et al., 2003) .
Even though the kinetics of GLUT4 and IRAP trafficking are highly specialized, there is overlap between the compartments of the general recycling pathway and the GLUT4/IRAP pathway. In the basal state, approximately half of GLUT4 is localized to compartments of the general endocytic pathway (i.e., defined as those that are accessible to the TR) and the rest of intracellular GLUT4 and IRAP are in an intracellular compartment that is devoid of endocytic markers, late endosomal markers and Golgi markers (Martin et al., 1996; Hah et al., 2002; Zeigerer et al., 2002) . We refer to the latter pool of GLUT4 and IRAP as the "specialized" pool to distinguish it from the pool of GLUT4 and IRAP in the TR-containing endosomes (i.e., general endosomal compartments). The protein composition of this "specialized" pool has not been well characterized and it is not known what other proteins accumulate in this compartment.
GLUT4 and IRAP are internalized from the plasma membrane through clathrincoated pits, and therefore some overlap between the GLUT4-enriched compartments and TR-containing endosomes is expected (Robinson et al., 1992) . However, the large amount of GLUT4 in endosomes in the absence of insulin indicates that endosomes play a role in the basal state retention of GLUT4. Supporting this hypothesis are the findings that accumulation of GLUT4 on the cell surface in the presence of insulin requires the mobilization of the endosomal pool of GLUT4 as well as the specialized, non-endosomal pool (Millar et al., 1999; Zeigerer et al., 2002) . How GLUT4 is retained within endosomes and how the specialized pool of GLUT4 is created are not understood.
In this report, using quantitative optical methods, we find that GLUT4 in the basal state is efficiently excluded from the cell surface by a dynamic retrieval/retention mechanism. Intracellular GLUT4 traffics to the plasma membrane with a halftime of ~230 min, and insulin reduces the halftime to ~9 min. We also find that in the basal state GLUT4 rapidly cycles between a specialized compartment (devoid of TR) and endosomes that are accessible to the TR. The basal trafficking kinetics of this intracellular cycle are such that GLUT4-containing vesicles are ~5 times as likely to fuse with endosomes as they are to fuse with the plasma membrane. We hypothesize that this rapid intracellular cycle of budding and fusion plays a role in the basal retention of GLUT4 and IRAP. The GLUT4/IRAP pathway does not overlap extensively with compartments that contain furin, thereby indicating that the GLUT4/IRAP pathway does not include late endosomes or the trans Golgi network, two compartments known to contain furin (Thomas, 2002 ). An intact microtubule cytoskeleton is not required for basal retention or the steady state distribution of GLUT4 between endosomes and the specialized compartment, although nocodazole disruption of microtubules does inhibit insulin-stimulated translocation.
Results
In this study we used a GLUT4 construct, HA-GLUT4-GFP, that contains a single HA epitope engineered into the first exofacial loop and an eGFP fused to the carboxyl cytoplasmic domain of GLUT4 (Fig 1) Dawson et al., 2001) . To establish that binding of the anti-HA monoclonal antibody to its epitope does not alter trafficking of this construct, the behavior of HA-GLUT4-GFP pre-bound with antibody was determined and compared to that of control unbound HA-GLUT4-GFP. 3T3-L1 adipocytes, 4 day post-differentiation, were electroporated with HA-GLUT4-GFP cDNA as described in the methods. The cells, 24 hrs after electroporation, were incubated in serum-free medium supplemented with 170 nM insulin in the presence or absence of a saturating concentration of anti-HA antibody for 40 min. The HA epitope of HA-GLUT4-GFP was bound by the antibody as it cycled between the interior and cell surface. The cells were washed and incubated for 120 min in insulin-free medium to allow them to return to the basal state, and then re-stimulated with insulin ( Fig 1A) . Surface HA-GLUT4-GFP pre-bound with anti-HA antibody was quantified by immunofluorescence (IF) with a Cy3-labeled goat anti-mouse IgG, whereas in control cells, HA-GLUT4-GFP (not pre-bound in these cells) on the surface was quantified by first binding anti-HA antibody to fixed cells followed by incubation with the Cy3-labeled goat anti-mouse IgG. Total HA-GLUT4-GFP was determined by measuring the GFP fluorescence per cell. The Cy3-to-GFP fluorescence ratio per cell accounts for differences in expression levels among the transiently expressing cells. HA-GLUT4-GFP pre-bound with anti-HA was sequestered intracellularly in the peri-nuclear region of cells in the absence of insulin, and it was rapidly redistributed to the surface when cells were treated with insulin ( Fig 1B) . Quantifying the distribution data demonstrates that HA-GLUT4-GFP pre-bound by anti-HA behaves like the unbound construct (Fig 1C) , which establishes that the antibody can be used to monitor the trafficking of HA-GLUT4-GFP.
GLUT4 is excluded from the cell surface by a dynamic retention/retrieval mechanism. Most models for insulin-regulated trafficking propose that GLUT4 continually cycles between intracellular compartments and the cell surface in the absence and presence of insulin, although this has not been directly demonstrated in adipocytes. To measure the rate constant for HA-GLUT4-GFP exocytosis, adipocytes were incubated with a saturating concentration of anti-HA antibody for varying times, and the amount of cell-associated anti-HA antibody was determined by staining fixed, detergent permeabilized cells with a Cy3-labeled anti-mouse secondary antibody (Fig 2A) . The anti-HA antibody remains bound as the HA-GLUT4-GFP cycles through the cell (Zeigerer et al., 2002) . Thus, the time dependent increase in cell-associated anti-HA antibody is a measure of the movement of HA-GLUT4-GFP, not yet bound by anti-HA antibody, from inside the cells to the cell surface (i.e., exocytosis), and it is independent of the internalization rate constant (Ghosh et al., 1998) . In the absence of insulin the accumulation of anti-HA reached a plateau at about 600 min, whereas in the presence of insulin the plateau was reached at about 45 min. Based on single, first order processes, these correspond to exocytosis rate constants of 0.003± 0.0005 min -1 and 0.08 ± .006 min -1 , respectively.
Previous studies have argued that the predominant effect of insulin is on the exocytic rate of GLUT4 (Jhun et al., 1992; Czech and Buxton, 1993; Yang and Holman, 1993) . The insulin-stimulated ~26 fold increase in GLUT4 exocytosis that we measured would result in a ~13 fold increase in the fraction of total GLUT4 that is on the surface if there is no change in GLUT4 internalization. We measured a 16 ± 3 fold increase in surface ( Fig 1C) , and consequently, the change in GLUT4 exocytosis is sufficient to account for the magnitude of insulin-stimulated GLUT4 translocation, providing additional evidence that that GLUT4 redistribution can be accounted for by increased exocytosis without a significant decrease in endocytosis. (The fold change in the fraction of total GLUT4 on the surface is not the same as the fold change in exocytosis rate because at The observation that the same plateau levels were reached in the presence and absence of insulin demonstrates that the major effect of insulin is to redistribute a continually cycling pool of HA-GLUT4-GFP. The time dependent increases in HA-GLUT4-GFP bound by anti-HA are fit by a single exponential (r = 0.973 and 0.994, in the absence and presence of insulin, respectively), indicating that in both conditions GLUT4 traffics back to the cell surface mainly as a single kinetic pool.
To confirm that the increase in Cy3 signal in the basal state is due to the continued cycling of HA-GLUT4-GFP between the plasma membrane and intracellular compartments, rather than the transport of newly synthesized HA-GLUT4-GFP from the biosynthetic system to the plasma membrane, HA-GLUT4-GFP was pre-bound with anti-HA antibody during a 60 min incubation at 37°C in the presence of insulin. The cells were washed free of insulin, returned to the basal state, and incubated at 37°C with a saturating amount of Cy3 labeled goat anti-mouse IgG in the medium. As the anti-HA bound HA-GLUT4-GFP traffics to the surface, the goat anti-mouse IgG antibody in the medium will bind the anti-HA antibody. In this protocol only HA-GLUT4-GFP pre-bound by anti-HA antibody during the first incubation is detected, and therefore newly synthesized HA-GLUT4-GFP delivered to the cell surface during this incubation will not contribute to the signal. Both unbound and pre-bound HA-GLUT4-GFP trafficked to the surface in the basal state at similar rates, demonstrating that HA-GLUT4-GFP is in equilibrium with the cell surface in the absence of insulin ( Fig 2B) .
GLUT4 rapidly cycles between the specialized compartment and endosomes in the basal
state. In the basal state GLUT4 is distributed between intracellular compartments that contain TR, a marker for general endosomes, and a specialized, post-endosomal compartment(s) that excludes the TR (Martin et al., 1996; Zeigerer et al., 2002) . We have quantified the distribution of HA-GLUT4-GFP among these pools using a fluorescence quenching method (Zeigerer et al., 2002) . Briefly, a Cy3-labeled anti-HA antibody internalized from the medium is localized to the lumen of compartments containing HA-GLUT4-GFP, and a horseradish peroxidase-transferrin conjugate (HRP-Tf) is delivered to the lumen of endosomes via the TR, or to endosomes and the specialized pool of GLUT4 by a chimera between IRAP and TR (Zeigerer et al., 2002) . This chimera contains the cytoplasmic domain of IRAP fused to the transmembrane and extracellular domains of the human TR. This chimera traffics through the insulin-regulated pathway in adipocytes, and it can be used to deliver HRP-Tf to the lumen of GLUT4 compartments (Subtil et al., 2000; Zeigerer et al., 2002) . The fraction of HA-GLUT4-GFP in the HRP-Tf-containing compartments is determined by incubating cells with 3,3'-diaminobenzidine (DAB) and H 2 O 2 on ice. Fluorescence is quenched in the compartments containing the HRP-catalyzed DAB polymerization product. The Cy3-anti-HA fluorescence was maximally quenched when HRP-Tf was internalized by binding to the IRAP-TR chimera (Zeigerer et al., 2002) .
Approximately 50% of the Cy3-anti-HA fluorescence accessible to the chimera was also accessible to the TR (i.e., quenched when HRP-Tf was internalized by the TR), demonstrating that 50% of HA-GLUT4-GFP is in TR-containing endosomes in the basal state (Zeigerer et al., 2002) . The dense HRP-catalyzed DAB polymerization product also destroys ("ablates") epitopes; and an alternative approach to determine colocalization is to assay for the destruction of epitopes on the anti-HA antibody pre-bound to HA-GLUT4-GFP (Martin et al., 1996) . Using the epitope ablation method we also found that GLUT4 is equally distributed between endosomes and the specialized compartment in the basal state (49.9% ± 3, n=5; in the specialized pool).
To examine transport between endosomes and the specialized pool of GLUT4, cells expressing HA-GLUT4-GFP and the TR or the IRAP-TR chimera, were incubated with anti-HA antibody under conditions in which all the HA-GLUT4-GFP was bound by antibody.
Cells in the basal state were pulsed with HRP-Tf and the co-distribution of the TR or the chimera with HA-GLUT4-GFP was determined by measuring ablation of epitopes on the anti-HA antibody (Fig 3) . HRP-Tf internalized by the TR gained access to the endosomal pool of HA-GLUT4-GFP with a halftime of about 5 min. The maximum level of epitope ablation remained constant during prolonged incubation with HRP-Tf of incubation, documenting that the TR is efficiently excluded from the post-endosomal, specialized GLUT4 compartment.
HRP-Tf internalized by the IRAP-TR chimera gained access to intracellular HA-GLUT4-GFP with a halftime of about 20 min (Fig 3) . Intracellular HA-GLUT4-GFP equilibrates with the cell surface with a halftime of about 230 min (Fig 2) , and therefore the observation that the chimera reaches all the intracellular compartments that contain HA-GLUT4-GFP ~10 times faster than GLUT4 equilibrates with the cell surface establishes that the IRAP-TR chimera and HA-GLUT4-GFP mix intracellularly (i.e., without first traveling to the cell surface). Although these data establish mixing, the 20 min halftime does not necessarily correlate with the rate of movement of IRAP-TR from endosomes since a few molecules of HRP may be sufficient to ablate a compartment.
Two models could account for the extensive mixing along the insulin-regulated trafficking pathway ( Fig 4A) . In one model (pathway 1), traffic from endosomes to the specialized compartment is unidirectional. In this case, the specialized compartment(s) must be fusion-fission competent to account for the rapid mixing documented in Fig 3. Unidirectional traffic is incompatible with the specialized compartment being a reservoir of pre-formed GLUT4 vesicles. Alternatively, traffic between endosomes and the specialized compartment could be bi-directional (pathway 2), which would allow the endosomal and specialized pools to rapidly mix without first moving to the cell surface. The bidirectional model is compatible with the specialized compartment being fusion-fission competent (as in the unidirectional model) or a reservoir of GLUT4 vesicles. In the latter case, the mixing would occur as GLUT4 vesicles re-fuse with endosomes.
These two models can be distinguished by examining GLUT4 trafficking from endosomes. In the unidirectional model, equilibration of GLUT4 between the specialized compartment and endosomes requires transport from the specialized pool to the plasma membrane followed by internalization into endosomes. GLUT4 internalization from the cell surface is rapid (t 1/2 ~10 min; e.g., (Tengholm et al., 2003) compared to GLUT4 exocytosis (t 1/2 ~230 min). Therefore, the unidirectional model predicts that GLUT4 moves from the specialized compartment to endosomes with halftime approximately equal to the 230 min halftime for movement to the plasma membrane. To achieve the near equal distribution of GLUT4 between endosomes and the specialized pool, the rate of exit from the endosomes must be similar to the rate of movement from the specialized pool to the cell surface. Thus, this model requires that GLUT4 is transported from endosomes at a slow rate. In the bidirectional model, the transport from endosomes could be rapid since equilibration occurs directly between endosomes and the specialized compartment without involving slow transport to the cell surface. Therefore, if HA-GLUT4-GFP exits endosomes rapidly, then transport between the specialized compartment and endosomes must be bidirectional.
To examine traffic from the endosomes, HRP-Tf was localized to endosomes in cells expressing the HA-GLUT4-GFP and the TR, and to endosomes and the specialized compartments in cells expressing the HA-GLUT4-GFP and the IRAP-TR chimera. The cells were pulsed with anti-HA antibody in the continued presence of HRP-Tf for varying periods of time. At the specified times the cells were incubated with DAB/H 2 O 2 on ice. The amount of unablated cell-associated anti-HA antibody was determined. An equal distribution of GLUT4 between endosomes and the specialized compartment was reached within 60 min, which is too rapid to be compatible with unidirectional traffic from endosomes to the specialized compartment. In that model, a steady state distribution would not be reached until ~600 min, the time required to fill the specialized compartment with HA-GLUT4-GFP internalized from the cell surface ( Fig 4B) . These studies support a model in which GLUT4
rapidly cycles between endosomes and the specialized compartment in the absence of insulin, with GLUT4-containing vesicles preferentially fusing with endosomes relative to the plasma membrane (as depicted in pathway 2, Fig 4B) . We propose that restricting GLUT4
to this intracellular cycle of vesicle formation and fusion actively depletes the cell surface of GLUT4.
The GLUT4/IRAP specialized trafficking pathway does not overlap with the Furin trafficking
pathway. We next sought to characterize trafficking of GLUT4 that has exited TRcontaining endosomes. It has recently been shown that syntaxin 6 and 16 overlap with GLUT4, indicating that upon leaving the TR-containing endosomes, GLUT4 traffics through the TGN (Perera et al., 2003; Shewan et al., 2003) . However, TGN38, a commonly used marker for the TGN, does not significantly colocalize with GLUT4 that has exited TRcontaining endosomes, arguing against localization of GLUT4 to the TGN . Furin, like TGN38, continually cycles among the cell surface, endosomes and the TGN (Thomas, 2002 ) . However, furin traffics to the TGN by a different pathway than TGN38. Furin traffics from sorting endosomes to late endosomes and then to the TGN, whereas TGN38 traffics from sorting endosomes to the recycling compartment and then to the TGN (Mallet and Maxfield, 1999) . Furin is concentrated intracellularly by cycling between endosomes and the TGN. To determine if the GLUT4 pathway overlaps with the furin pathway, we used HRP fluorescence quenching in adipocytes expressing a Tac-furin chimera. The Tac-furin chimera, which has been used as a reporter of furin traffic, contains the cytoplasmic and transmembrane domains of furin fused to the extracellular domain of the interleukin-2 receptor alpha chain (Bosshart et al., 1994; Voorhees et al., 1995; Mallet and Maxfield, 1999) .
To determine the overlap between the TR recycling pathway and the furin pathway, adipocytes co-expressing Tac-furin and the TR were incubated with a Alexa 488 -labeled antiTac monoclonal antibody and HRP-Tf for 5 hrs. During this incubation, Tac-furin is bound by the antibody as it cycles between the interior and surface of cells (Mallet and Maxfield, 1999) . The quenching of the fluorescence of the anti-Tac antibody by the HRP/DAB polymerization product was determined (Fig 5A) . Approximately 20% of the anti-Tac fluorescence was in compartments accessible to the TR (i.e., 20% quenched). This small amount of overlap is consistent with studies in fibroblasts that have shown that Tac-furin mostly accumulates in late endosomes and the TGN, two compartments that are not frequented by the TR (Bosshart et al., 1994; Mallet and Maxfield, 1999) . In fibroblasts it has been shown that furin overlaps with the TR in sorting endosomes, and therefore it is likely that in the adipocytes the 20% overlap between furin and TR is also restricted to sorting endosome.
To examine the extent of overlap between the GLUT4/IRAP and the furin pathways, cells expressing the IRAP-TR chimera and Tac-furin were examined. As was the case for the TR, ~20% of the fluorescence of the anti-Tac antibody was quenched by HRP-Tf taken up by the IRAP-TR chimera ( Fig 5A) . Thus, the GLUT4/IRAP pathway has no more overlap with the Tac-furin pathway than does the TR. This suggests that GLUT4 overlaps with furin within TR-containing endosomes and that it does not accumulate in other compartments enriched in furin (e.g., late endosomes and aspects of the TGN).
As an alternative to examine the co-distribution of furin and the GLUT4/IRAP pathway, we used an HRP-anti-Tac antibody conjugate to quench Cy3-anti-HA internalized by HA-GLUT4-GFP or Cy3-Tf internalized by the TR or the IRAP-TR chimera. We found that HRP-anti-Tac quenched 80% of fluorescence of a fluorescently labeled anti-Tac internalized by 3T3-L1 adipocytes expressing Tac-furin construct. This is the same maximum quenching we measure for HRP-Tf quenching of fluorescent-Tf, indicating that 80% maximum quenching is a characteristic of the method and that it is not related to the HRP conjugate, the ligand being quenched, or the compartment in which the quenching occurs. HRP-anti-Tac quenched approximately 50% of the Tf internalized by the TR and the IRAP-TR as well as anti-HA internalized by HA-GLUT4-GFP (Fig 5B) . The findings that HRP-anti-Tac quenched no more HA-GLUT4-GFP than TR, indicate that furin does not significantly overlap with GLUT4 outside of the TR-containing endosomes.
The incomplete quenching of TR by HRP-anti-Tac is consistent with the overlap between furin and the TR being restricted to sorting endosomes (i.e., furin does not traffic through the recycling compartment, (Mallet and Maxfield, 1999) . These data indicate that the GLUT4/IRAP and furin pathways overlap in TR-containing endosomes, and that ~50% of the TR is in endosomes that do not contain GLUT4, demonstrating that that GLUT4 does not have access to all of the endosomal compartments along the recycling pathway.
To confirm that the colocalization of furin and GLUT4 is in TR-containing endosomes, the quenching of Cy3-anti-HA pre-bound to HA-GLUT4-GFP, by cointernalized HRP-anti-Tac and HRP-Tf was determined (Fig 5C) . In cells expressing the TR, Tac-furin and HA-GLUT4-GFP, the degree of anti-HA Cy3-fluorescence quenching was similar when HRP-anti-Tac was taken up alone as when HRP-Tf and HRP-anti-Tac were co-internalized. These data indicate that the overlap between TR, GLUT4 and furin is in endosomes, and thereby provide additional evidence that late endosomes and the TGN, two compartments enriched in furin, are not a significant component of the specialized GLUT4 compartment.
The microtubule cytoskeleton is required for insulin-stimulated translocation of GLUT4 but not for basal cycling between the specialized compartment and endosomes.
Microtubules are known to play a role in the targeted vesicular transport, however, their involvement in insulin-stimulated translocation of GLUT4 is controversial. Some previous studies found that insulin-stimulated glucose uptake and redistribution of GLUT4 to the surface requires an intact microtubule cytoskeleton (Emoto et al., 2001; Olson et al., 2001; Patki et al., 2001) , whereas in other studies an intact cytoskeleton was not required for GLUT4
translocation (Molero et al., 2001; Shigematsu et al., 2002) .
The identification of the intracellular retention cycle provides an additional site for possible microtubule involvement and regulation. In order to address the possible role of microtubules in the retention cycle we examined the effect of nocodazole on surface GLUT4 levels in the stimulated and unstimulated states. We found that 3 µM nocodazole, which depolymerized microtubules, did not affect the amount of GLUT4 on the surface in the basal state, indicating that microtubules are not required for retention, at least during the time period examined in these experiments (total of 60 min in presence of nocodazole) (Fig 6A) . However, 3 µM nocodazole reduced the amount of GLUT4 on the surface in the presence of insulin at steady state by ~40% and it increased the time to reach the new steady state distribution (Fig 6A) . In control cells, it takes ~15 min for the amount of GLUT4 on the surface to plateau (i.e., reach new steady state), and nocodazole increased the time to reach a new steady-state level to between 15 and 30 min. Both these effects of nocodazole could be accounted for by an effect on GLUT4 exocytosis.
To more closely examine the effects of nocodazole, we measured the steady state insulin-stimulated efflux of GLUT4 using the method described in Fig 3 (Fig 6B) . The insulin-stimulated steady state efflux rate constant is reduced by ~60%, which accounts for the magnitude of inhibition of insulin-stimulated redistribution (Fig 6A) . These data show that insulin-stimulated GLUT4 exocytosis is slowed in the absence of an intact microtubule cytoskeleton. The observation that the change in translocation is accounted for by the reduced efflux rate constant argues against nocodazole effecting GLUT4 internalization
We next determined the effect of nocodazole on the distribution of GLUT4 between endosomes and the specialized pool (Fig 6C) . Nocodazole does not alter the basal intracellular distribution of HA-GLUT4-GFP between these pools, consistent with nocodazole not affecting the amount of GLUT4 on the surface in the basal state. In control cells, insulin induces a shift of the distribution of intracellular GLUT4 from ~50% in endosomes to ~80% in endosomes, due to the more rapid trafficking of GLUT4 in the presence of insulin (Fig 6C) . Despite the fact that insulin-stimulated GLUT4 efflux is slowed by nocodazole, the intracellular distribution of GLUT4 between endosomes and the specialized compartment was shifted toward endosomes, just as it is in insulin-treated control cells. Although in these experiments there was a trend toward a greater fraction of HA-GLUT4-GFP in the specialized pool in the presence of nocodazole and insulin than in insulin alone, the difference was not statistically significant.
Discussion.
Here we demonstrate that GLUT4 is in equilibrium with the cell surface in the basal state.
Previous studies have demonstrated that GLUT4 traffics between the interior and surface of cells in the presence of insulin, but trafficking of GLUT4 to the cell surface in the absence of insulin had not been directly quantified (Jhun et al., 1992; Holman et al., 1994; Palacios et al., 2001) . Our data provide direct evidence for a model in which GLUT4 is dynamically excluded from the plasma membrane by a retention/retrieval mechanism (Fig 7; and (Foster et al., 2001; Bryant et al., 2002) .
We define two intracellular pools of GLUT4 based on accessibility to TR: the endosomal pool which is accessible to TR, and the specialized pool which is not. We refer to the latter as a specialized pool to distinguish it from the pool of GLUT4 that colocalizes with TR in general endosomes. A number of lines of evidence support the existence of the specialized pool of GLUT4 in fat cells (e.g., (Martin et al., 1996; Palacios et al., 2001; Kupriyanova et al., 2002) . We propose that GLUT4 and IRAP are actively and continually sorted from endosomes to the specialized compartment and that the TR is excluded from this pathway. The determinants that target GLUT4 and IRAP to the specialized compartment have been partially identified, although the machinery that recognizes this
information is yet to be discovered (Verhey et al., 1995; Subtil et al., 2000; Palacios et al., 2001; Shewan et al., 2003) .
We currently do not understand how the TR is efficiently segregated from this pathway. The iterative nature of this process may account for the high efficiency with which TR is sorted from the specialized pool of GLUT4. In our studies of adipocytes transfected with the human TR, we do not see a correlation between the level of expression of the TR and the size of the GLUT4/IRAP specialized compartment (Zeigerer et al., 2002) . Therefore the failure to detect TR in the GLUT4-containing vesicles is not related to the amount of TR expressed in cells, at least over a ~20 fold range of expression, consistent with an active sorting mechanism.
Morphological and biochemical studies indicate that GLUT4 is mainly found in vesicular structures (e.g., (Slot et al., 1991; Martin et al., 2000; Ramm et al., 2000; Kupriyanova et al., 2002) , suggesting that the specialized compartment is a pool of GLUT4/IRAP-enriched vesicles (Fig 7) . There is tremendous interest in characterizing this post-endosomal reservoir of GLUT4. We found that the overlap of the GLUT4/IRAP pathway with the furin pathway is restricted to TR-containing endosomes, which argues against the TGN being a major intracellular reservoir of GLUT4 since furin accumulates in the TGN. Others have also found little overlap between GLUT4 and markers of the TGN, including TGN38 (Martin et al., 1994; Palacios et al., 2001) . However, there are data supporting a role of the TGN in GLUT4 trafficking. It has recently been proposed that IRAP continually cycles through the TGN (Shewan et al., 2003) . In addition, the observations that the cation dependent mannose 6-phosphate receptor and the clathrin adaptin protein AP-1, both of which partially localize to the TGN, were found on perinuclear GLUT4
vesicles suggests a role for the TGN in GLUT4 trafficking (Martin et al., 2000; Ramm et al., 2000) . Thus, it is possible that GLUT4 moves through a sub-domain of the TGN that is not frequented by TGN38 or furin. The GLUT4 pathway is complex and it may transit a number of intracellular compartments as it cycles through the cells and additional studies are required to further identify these compartments. Regardless, the lack of overlap between the GLUT4 and furin pathways emphasizes the specialized nature of postendosomal GLUT4 trafficking.
Defining GLUT4 trafficking in the basal state is key for understanding how insulin regulates GLUT4 distribution. Here we find that HA-GLUT4-GFP equilibrates between the specialized vesicle pool and endosomes more rapidly than it returns to the cell surface.
We measure a halftime for equilibration of GLUT4 between endosomes and the specialized pool of 20 min (Fig 4) and a halftime of 230 min for GLUT4 to equilibrate with the plasma membrane (Fig 2) . These data demonstrate that GLUT4 vesicles can either fuse with the plasma membrane or with endosomes, and that in the basal state these vesicles preferentially fuse with endosomes. These data support a model in which GLUT4 is retained by the dynamic intracellular cycling of GLUT4 between the specialized pool and endosomes.
The 230 min halftime we measure for equilibration of intracellular GLUT4 with the cell surface (Fig 2) reflects both the rates of transport of GLUT4 to the plasma membrane and of direct return to endosomes (k 4 and k 3 , Fig 7) . If we use a halftime of 20 min for equilibration between endosomes and the specialized compartment, a halftime of 230 min for equilibration with the cell surface, and the constraint that GLUT4 is equally distributed between endosomes and the specialized pool, a halftime of 115 min for k 4 is derived from modeling the basal state data in Fig 2. Thus, on the average a GLUT4-containing vesicle formed from an endosome is ~5 times as likely to re-fuse with an endosome as it is to fuse with the plasma membrane (i.e., ratio of k 4 to k 3 ). We propose that this intracellular budding/fusion cycle is part of the active mechanism by which GLUT4 is excluded from the plasma membrane. There are a number of possible mechanisms by which GLUT4-containing vesicles could be preferentially targeted for fusion with endosomes in the basal state, and our current data do not address this issue. Regardless, the fact that GLUT4 rapidly cycles among intracellular compartments has important ramifications for understanding of the retention mechanism and the effect of insulin on GLUT4 traffic at a molecular level.
Live cell imaging studies have documented that the GLUT4 vesicles are motile in the basal state, although we do not know whether those dynamics correlate with the cycle of budding and fusion that we have documented (Patki et al., 2001) . For example, it is possible that the GLUT4 vesicles formed from endosomes do not move any appreciable distance from the endosomes, which may explain why it has been difficult to morphologically characterize the specialized GLUT4 compartment using fluorescence microscopy.
We previously proposed that insulin directly regulates movement of GLUT4 to the plasma membrane from both endosomes and from the specialized compartment (Zeigerer et al., 2002) . That proposal was based on the hypothesis that GLUT4 traffic between endosomes and the specialized compartment was unidirectional. Although we now revise that model to include bidirectional traffic between endosomes and the specialized compartment, our data still support the proposal that insulin affects movement of GLUT4 from endosomes. This conclusion is based on the observations that in the basal state we find that GLUT4 moves from endosomes with a halftime of ~20 min (Fig 3) , which is slower than the ~9 min exocytosis halftime we measure for GLUT4 in the presence of insulin (Fig   2) . Exit of GLUT4 from endosomes in the presence of insulin cannot be slower than its appearance at the cell surface; therefore, insulin must increase the transport of GLUT4 from endosomes. Insulin must also increase delivery of GLUT4 from the specialized pool to the plasma membrane (k 4 , Fig 7) . Our data support the hypothesis that insulin affects GLUT4 traffic from endosomes and from the specialized pool, they do not, however, address questions concerning the mechanism by which insulin modulates GLUT4
redistribution. There is evidence that both transport of GLUT4 vesicles to the cell surface and fusion of these vesicles with the plasma membrane is regulated (Inoue et al., 2003; Semiz et al., 2003) . Both of these changes would contribute to the increased appearance of GLUT4 on the cell surface in the presence of insulin.
Insulin may mobilize GLUT4 vesicles by a cytoskeleton-dependent mechanism.
Live cell imaging studies have shown that GLUT4 moves along microtubules and that the frequency of GLUT4 vesicle movement is increased with insulin (Patki et al., 2001; Semiz et al., 2003) . We found that 3 µM nocodazole, a concentration that depolymerizes microtubules and does not directly block the ability of GLUT4 to transport glucose (Molero et al., 2001) , reduced the amount of GLUT4 on the surface of cells in the presence of insulin by 2 fold. Nocodazole had no effect on the basal surface expression of GLUT4, indicating that the role of microtubules is specific to the insulin-stimulated state. Insulinstimulated exocytosis of GLUT4 is inhibited by nocodazole, accounting for the reduced steady-state translocation. We do not understand why our results differ from the previous studies that found similar concentrations of nocodazole had no effect on GLUT4 translocation (Molero et al., 2001; Shigematsu et al., 2002) .
We found that nocodazole had no effect on the intracellular distribution of GLUT4 between endosomes and the specialized compartment in the basal state or in the presence of insulin. No change in the basal state distribution is consistent with our findings that nocodazole did not alter the amount of GLUT4 on the surface in the absence of insulin, indicating that the basal cycle of GLUT4 vesicle formation and fusion with endosomes does not require an intact microtubule cytoskeleton.
In control cells, the fraction of GLUT4 in endosomes increases with insulin treatment (Fig 6) . These data are consistent with our proposal that in the presence of insulin the ratelimiting step in return of GLUT4 to the plasma membrane is movement from endosomes.
We anticipated that nocodazole would alter the insulin-induced redistribution of GLUT4 between endosomes and the specialized pool since insulin-dependent recruitment of GLUT4 to the surface was inhibited by nocodazole. For example, if the sole effect of nocodazole on GLUT4 traffic was to inhibit movement from the specialized compartment to the cell surface, then in the presence of insulin nocodazole should promote GLUT4 accumulation in the specialized vesicles relative to control cells (i.e., reduce k 4 insulin without changing other GLUT4 trafficking parameters, Fig 7) . We did not observe a consistent effect of nocodazole on GLUT4 distribution. These findings suggest that the effects of nocodazole are not limited to k 4 insulin . One interpretation of these data is that insulin mobilizes GLUT4 from both endosomes and the specialized pool in a microtubuledependent process, which is consistent with the finding that the frequency of movement (i.e., GLUT4 mobilization) but not the rate of transport of GLUT4 vesicles along microtubules is increased by insulin (Semiz et al., 2003) . More specific reagents need to be used to rigorously address the role microtubule-based movement in insulin-stimulated GLUT4 translocation, since microtubule disruption will have multiple and potentially confounding effects. It has recently been shown that kinesin KIF5B is involved in GLUT4 translocation (Semiz et al., 2003) and it is of interest to determine whether disruption of KIF5B alters the intracellular distribution of GLUT4.
There is precedent for the retention of membrane proteins based on an intracellular cycle. In yeast Saccharomyces cerevisiae an intracellular reservoir of chitin synthase III is maintained by a transport between early endosomes and the TGN (Ziman et al., 1998; Valdivia et al., 2002) . Chitin synthase III is targeted to the plasma membrane at the site of the mother-bud junction. Once the daughter cell reaches full size, the synthase is internalized and stored intracellularly for use during the next round of cell division. Thus, the amount of chitin synthase III on the cell surface is regulated based on cycling between two intracellular compartments. The conceptual similarities between chitin synthase III and the model we proposes for GLUT4 retention extends the previously noted similarities between these two regulated endocytic membrane trafficking processes (Ziman et al., 1998) .
Retention by a dynamic cycle of vesicle formation and fusion with endosomes may be a general mechanism for the regulated expression of proteins on the plasma membrane. For example, a number of features of the regulated expression of the aquaporin-2 water channel on the surface kidney cells are similar to that of insulin regulation of GLUT4 surface expression, and it may be that aquaporin-2 is retained by a similar intracellular trafficking cycle (Brown, 2003) .
METHODS

Ligands and chemicals: Fluorescent antibodies were purchased from Jackson
Immunolabs, Inc (West Grove, PA). All chemicals were purchased from Sigma Inc. (St.
Louis, MO). Mouse anti-HA monoclonal antibody (HA-11) was purified from ascites (Covance; Berkley, CA) using a protein G affinity column (Amersham, Uppsala, Sweden).
The concentration of anti-HA antibody required to saturate the HA-epitope of HA-GLUT4-GFP was determined for each preparation of antibody by measuring cell-associated anti-HA antibody in a 10 min pulse at 37°C (typically 50 µg/ml). Anti-HA was labeled with Cy3
(Biological Detection System, Pittsburgh, PA, USA) per manufactures directions. Human Tf was purchased from Sigma, further purified by Sephacryl S-300 gel filtration and conjugated to Cy3 per manufactures instructions. Tf was conjugated to HRP as described previously (Zeigerer et al., 2002) . Anti-Tac antibody, 2A3A1H (ATCC), was isolated from ascites by protein G purification and coupled to HRP or to Alexa 488 as described for Tf. 170 nM insulin was used for all insulin stimulations.
Cell culture: 3T3-L1 cells were differentiated into adipocytes as described previously (Subtil et al., 2000) and transfected by electroporation four or five days after differentiation (Zeigerer et al., 2002) . Cells were used early in differentiation, before accumulation of significant fat, since at this time they are fully insulin-responsive and are more amenable to electroporation and microscopy analysis than cells later in differentiation, which have accumulated more fat. Cells were electroporated at 180 V and 950 µF with 45 µg of plasmid DNA per ~10 6 cells in a 1 cm curvette (Bio-Rad) and plated onto coverslip bottom dishes. Cells were used for experiments one to two days after electroporation.
A chimera containing the cytoplasmic domain of IRAP substituted for the cytoplasmic domain of the human TR has been shown to traffic like GLUT4 (Johnson et al., 1998; Subtil et al., 2000) . A GLUT4 construct engineered to contain an HA epitope on its first exofacial loop and a GFP on the carboxyl-cytoplasmic domain has been used to quantitatively measure the insulin-stimulated translocation of GLUT4 to the cell surface Zeigerer et al., 2002) . The Tac-furin cDNA expression plasmid has been described (Bosshart et al., 1994) .
Fluorescence Quantification. The images were collected on a DMIRB inverted microscope (Leica Inc., Deerfield, IL, USA) with a cooled CCD 12 bit camera (Princeton Instruments Inc., West Chester, PA, USA). All images were aquired using a 40x 1.25 NA oil immersion objective. The camera is linear between 0 and 3,600, therefore providing 3 orders of magnitude of dynamic range. Cells expressing HA-GLUT4-GFP were identified based on GFP fluorescence. Methods for quantification of the images have been previously described (Dunn et al., 1994; Lampson et al., 2000; Lampson et al., 2001) . The images were corrected for background by subtracting the fluorescence of cells not expressing HA-GLUT4-GFP. Background fluorescence was usually between 100 and 300. All images for an individual experiment were collected on the same day using exposure times optimized individually for the Cy3 and GFP channels. The exposure times were chosen such that less than 5% of the image pixels were saturating (i.e., above the linear range of the camera) for the brightest sample. Approximately 20 cells per condition were collected in each experiment. Metamorph (Universal Imaging Corporation, West Chester PA, USA) image processing software was used for quantification Zeigerer et al., 2002) . The average Cy3 and GFP intensity per pixel were determined within each cell expressing HA-GLUT4-GFP. A correction for GLUT4 fluorescence was made by subtracting the Cy3 and GFP fluorescence per area collected from cells that did not express HA-GLUT4-GFP. The GFP fluorescence is used to normalize the Cy3 fluorescence for expression of HA-GLUT4-GFP per cell.
Trafficking. Cells plated in coverslip bottom dishes were incubated in serum-free DMEM medium with 220 mM bicarbonate and 20 mM HEPES pH 7.4 (med 1) for 2 hrs at 37°C in 5% CO 2 /air. Translocation of HA-GLUT4-GFP was measured as previously described . For experiments in which HA-GLUT4-GFP was pre- anti-HA antibody is used in the first incubation. In this case the DAB polymerization product quenches the Cy3 fluorescence. Maximum fluorescence quenching and maximum epitope ablation are both ~80% Zeigerer et al., 2002) . This is true for Tf quenching by Tf-HRP, Tac-Furin quenched by HRP-anti-Tac, and wheatgerm quenching by wheatgerm-HRP (Johnson et al., 2001; Lampson et al., 2001; Zeigerer et al., 2002) . The remaining 20% of unquenchable fluorescence is therefore a characteristic of the assay and is not related to the intracellular compartments in which the quenching occurs, the HRP conjugate used, nor the ligand being ablated. Therefore, the 80% fluorescence quenching and epitope ablation of anti-HA by HRP-Tf taken up by the IRAP-TR, indicates that the chimera has access to all intracellular GLUT4 compartments.
A modification of the above protocol was used to determine the effect of nocodazole Kinetic modeling. SAAM II compartmental modeling software (SAAM II Institute, Seattle, WA) was used for simulations and fitting of the data (Barrett et al., 1998; Cobelli and Foster, 1998) . +C; where A is the fraction anti-HA antibody that can be ablated, k e is the rate constant for the epitope ablation, and C is the plateau level, which reflects the fraction of HA epitopes that are not ablated. The (Cy3/GFP) t value is the fraction of epitopes ablated at time t. then the specialized compartment must be a stable compartment to which GLUT4 vesicles fuse and from which vesicles bud (pathway 1). In this model, exit of GLUT4 from endosomes is necessarily slow to achieve the near equal distribution between endosomes and the specialized compartment. The bidirectional model (pathway 2) is compatible with the specialized compartment(s) being fusion-fission competent (as in the unidirectional model) or a reservoir of GLUT4 vesicles. In the latter case, the mixing would occur as GLUT4 vesicles re-fuse with endosomes. In this model transport from endosomes can be rapid.
(B). Flow diagram of experiment shown in C.
(C). GLUT4 equilibrates between TR-containing endosomes and the specialized compartment with a halftime of ~20 min. Adipocytes co-expressing HA-GLUT4-GFP and the TR or the IRAP-TR chimera were incubated with HRP-Tf for 4 hrs to load the endosomes, or endosomes and the specialized compartment, respectively. The cells were pulsed in the continued presence of HRP-Tf with anti-HA and at the times specified the codistribution of the anti-HA antibody and Tf-HRP were determined as in Figure 3 . The fraction of HA-GLUT4-GFP in the specialized compartment at each time point is shown.
The data are the averages ± SEM from 4 independent experiments. The curve is (Cy3/GFP) t = A 0 -(A 0 *exp (-k*t) ); where A 0 is the fraction of HA-GLUT4-GFP in the specialized compartment at time t=0 and k is the rate constant for equilibration between endosomes and the specialized pool. The (Cy3/GFP) t value is the fraction of HA-GLUT4-GFP in the specialized compartment at time t. Any GLUT4 that is introduced into the plasma membrane is rapidly retrieved by clathrinmediated endocytosis back to endosomes. Insulin increases the exocytic rate of GLUT4
and thereby induces an increase of GLUT4 in the plasma membrane. Compartments of the insulin-regulated pathway are in grey. The halftime for appearance of GLUT4 at the cell surface in the presence and absence of insulin were directly measured, as was the equilibration time between endosomes and the specialized compartment in the basal state.
For kinetic modeling experiments the following parameters were used: a halftime of GLUT4 internalization of 10 min (Tengholm et al., 2003) ; and a steady state distribution of GLUT4 in the basal state of 4% in the plasma membrane, and 48% each in endosomes and the specialized pool. A value of 4% on the surface was calculated from % GLUT4 Surface =1/(1+(k Internalziation /k Exocytosis )), with k Internalziation =.07 min -1 (Tengholm et al., 2003) and k Exocytosis =.003 min -1 . The values for k 2 in insulin and k 4 in basal and insulin conditions were determined using SAAM II compartmentalization modeling software (Barrett et al., 1998; Cobelli and Foster, 1998) . See text for discussion of the model.
